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INTROL .CTION 


This report is the compiled results of the comprehensive literature 
search performed for the Particle Optical Properties Measurements 
(POPM) program, All data relevant to the infrared optical properties 
of aluminum oxide, carbon, magnesium oxide, and zirconium dioxide 
found in the search were critically evaluated and summarized, These 
data were carefully reviewed and the ''best'' data for each material were 
selected, On the basis of this review, 2reas in which further research 
is required were noted, 

The report is divided into three major sections: Section I contains 
the representative or "best" data for the refractive index, extinction 
index, spectral and total emissivities, reflectance, and transmittance 
of each material; Section II lists all relevant literature found in the 
search; and Section III presents in tabular and graphic formats the 

igitized data from the literature. Each major section is divided by 
material into categories that are further divided by optical property. 

It would be useful if, for all surveyed data, a meaningful estimate 
of experimental error could be made, An examination of the literature 
revealed that error analyses are seldom included in papers, and even 
descriptions of experimental apparatus and procedures are often lacking. 
This greatly hampers the proper evaluation of published data, and in many 
cases has necessitated the use of a comparison technique, The meihod 
used to construct each representative curve is described in Section I and 
in general consists of either a mathematical fit to collections of data 
points from many sources, or selections of ''best'' data connected to 
form broad coverage over a temperature or spectral range. The 
rationale for including Section III, with its many sets of tabulated 
data, is to permit the user of this handbook to use data gathered tor 

specific types of materials. 

Wherever possible the data in this handbook were taken from published 
tables, Where these were not available, the curves in the literature were 

linearly enlargedand digitized using an Oscillogram and Film Semi-Automatic 
Reader (OSCAR), manufactured by Benson-Lehner Corporation, It 1s felt 
that the uncertainties in the tabulated data arise principally from basic exper- 
imental errors and journal reproduction uncertainties. Digitization was done 


over the complex spectra in such a way that a linear interpolation between 
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points would be valid, so in spectral regious that are highly structured 
the digitized points are densely packed and ir, smooth regions the 
points are widely spaced. The abstract accompanying the tabulated 
data in Section III identifies those data sets where the digitization 

was of discrete points in the original papers, 

A few remarks concerning the notation used in this handbook need 
to be made. First, the actual numerical values of the optical parameters 
are listed in the tables, except for R and T, which in the tables are 
listed in percent and thus have values between 0 and 100. Second, the 
extinction index, k, is consistently presented here, even when the 
original published data weae given as the ahsorption coefficient, a. 


k and q are related by the expression, 


; ‘ F : : p -l , . ‘ 
qa is conventionally given in units of cm ", ia which case ) must be given 


in cm (ly = 10°" cm). 
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Symbols Used in this Handbook 


Ae Wavelength (microns) 

Ts Temperature (degrees Kelvin, °K) 

n: Refractive index (dimensionless) 

k: Extinction index (dimensionless) 

@: Absorption coefficient (cn--! or mm-l) 


€(}} Spectral emissivity (tabulated in percent) 
é(T}; Total hemispherical emissivity (tabulated in percent) 
R: Reflectance (tabulated in percent) 


TR; Transmittance (tabulated in percent) 
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*NOTE ADDED IN PROOF CONCERNING A NEW REFERENCE 


D.P, DeWitt, Handbook of the Optical, Thermal and Mechanical 
Preperties of Si Polycrystalline Dielectric Materials, Purdue Univ. 
Thermophys. Prop. hes Ctr., TPRC - Report 19, Dec., 1972, 


In this handbook, the refractive and extinction indices, transmittance, 
emittance, reflectance, absorptance, and scattering coefficient for 
aluminum oxide, calcium fluoride, magnesium fluoride, magnesium oxide, 
silicon dioxide, and titanium dioxide are presented. These data have been 
gathered from open literature sources, many of which are p.esented and 
evaluated in the present Aerospace Corp./AFRPL handbook. This reference 
provides an excellent general survey of aluminum and magnesiur: oxide 
properties over, in the main, the short to medium infrared spectral regions, 
but no attempt has been made to produce digitized data sets for the source 
data, or to provide sets of representative op.ical properties, as has been 
done in the present report. 
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T-l ALUMINUM OXIDE PROPERTIES 
J-l.1 Refrac:ive Index, n_ — Aluminum Oxide 


The refractive index of sapphire has been extensively 
studied at T = 300°K, but data for other temperatures are sparse. 
Piriou (Ref. 1N-9) has studied sapphire at 1773°K from 9 to 
33u, and Loewenstein (Ref. 1N-3) at T= 1. 5°K, Their results 
indicate that the refractive index changes very little with temper- 


ature except near resonant lattice fre'iencies. A representative 


curve for sapphire at T = 300°K has been constructed using the 

data from references IN-3, IN-5, I1N-9, and 1N-11. No bulk 
alumina refractive index data were located in the literature, and 
refractive index cata for powders were found only in Streed 

(Ref. 1N-12) and are of uncertain value, since the sapphire refrac- 
tive index repc.ted in this source was greatly at variance with all 
other measurements. No experiimental measurements of n from 

6u to 9p, aside from Reference 1N-12, have been located, and the : 
representative curve has been constructed in this region by linear 
interpolation. Where the ordinary and >xtraordinary indices have 
been measured (~ 30p and longer), the ordinary value of n has 
been used. All measured values of 1 and n, are tabulated in 
Section IlI-1. 1. 
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The representative curve is shown in Figure I-l.1 and is : 
tabulated in Table I-1,1, Section I-1,7 gives in tabular form the iattice 
frequencies of aluminum oxide which relate to the structure seen in the 


optical properties curves, 
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Oxide Refractive Index - Representative Data 
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1-1,2 Extinction Index, k - Aluminum Oxide | 
t 


Figure I-1,2 shows the represeatative curve for the extinc- 
tion index of high-density alumina and sapphire ut T = 300°K, con- 
structed from the data of Grimm (Ref, 1K-1), Piriou (Ref, 1K-12, 
1K-13) and Loewenstein (Ref, 1K-5) for the spectral range 2, to 340,. 
Small changes in k do occur and these are presented in Section III - 1.2 
showing the temperature effect to 2300°K. All values of k are for the 
ordinary ray; extraordinary ray data is located in Section IiI-1, 2, 

Only one reference, 1K-4, was found for the thin film 
extinction index, and one, 1K-16, for powdered alumina, and these 
are summarized in Section IiI-1,2, Reference 1K-16 is of uncertain 
value for powdered alumina, since the values of k reported for 

sapphire in this reference deviate considerably from all other 
published values, 

Section I-1,7 contains absorption peak information showing 
where fine structure in the extinction index is to be expected, Section 
I-1,6 gives transmittance data that also shows spectral regions 


having fine structure, and also gives powder transmittance data, 
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The Extinction Index of High Density Alumina and Sapphire at 300°K 
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Spectral Emissivity, ¢ (A) — Aluminum Oxide 


Representative curves for the spectral emissivity of bulk 
alumina, bulk sapphire, and powdered sapphire are presented in 
this section. Supplementary te this in Section III-1.3 are data for 
liquid alumina droplet emissivity and surface roughness effects onalumina 


emissivity, Additional data on emissivity are contained in Section I-1,4, 
where the reflectance data are summarized, Since Kirchhoff's law 


€ = 1-R applies only to the proper angular complements, a conversion 
of all reflectance to emissivity has not been made. 


The bulk forms of A1L,O,, sapphire (a -Al,0 3) and alumina 
have different emissive properties, as shown in Figures I-i. 3a, 


b, 
and c. All bulk Al,O, shows a distinct emissivity maximum from 


approximately 4 to lly, the ouset of this peak shifting to shorter 
wavelengths as the sample temperature is increased, Representative 
data for sapphire are from Sticrwalt (Ref. 1SE-16) over a temperature 
range 4, 2°K to 200°K anda svectral range ly to 125y; the data of 
Blau (Ref. 1SE-5) for 99 percent pure alumina over a temperature 


range of 800°K to 1300°K is taken to be repres -ntative of the pressed 


and sintered forms of Al1,0,. A precision of 4+ percent as claimed 


by Blau (Ref. 1SE-5) is taken to be representative of a}! data shown in 
Figures I-1.3.: and I-i.3.2, although no explicit statement of precision 


is given by the other references shown, The effect of differences in 


sample surface preparation on A) ,0, emissivity has been studied by 


Richmond (Ref. 1SE-13) and has been found to be negligible below 
14yu,. The relatively minor effect of temperature can be seen in 


the data of Section III-1,3, Data from other researchers on many 


bulk forms of Al,O, are included in Section III-l, 3 in praphical and 


tabular form, where are also more detailed descriptions of the 
representative data, 
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200°K — Representative Drta 
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1373°K — Representative Data 
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J-1.3.2 Powde’ :d Aluminum Oxide 


The representative spectral emissivity of powdered 
Al,O, over a particle size range of 0.06 - 30 y and a temperature 
of 300°K is shown in Figure [-1.3.2. The values of e(A) reported 
by Aronson (Ref. 1SE-2) and S:reed (Ref. 1SE-17) are much 
higher for }> 12y than the bulk materials, but do show the 
decrease at lly from a plateau starting at approximately 4p. 
The sharp peak occuring at 3, is due to water contamination 
or tc sample and is not prezent in the high temperature data. 
The complete set of particle emissivity data is contained in 
Section III-1.3. The representative curve is for 9 WCA alumina 


particles at 300°K as measured by Aronson (Ref. 1SE-2). 
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Table I-1.3.2 Representative Data, Alum 


Table I-1,3,2 Representative Data, Alumina Particles, T = 300°K (continued) 
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I-1.4 Total Normal Emissivity, ¢(T)_ — Aluminum Oxide. 

The total emissivities of bulk alumina and sapphire have been 
measured in the literature for temperatures ranging from 63°K to 
1800°K, The representative curve for alumina data, constructed by 
fitting a third order polynomial to data from References 1TE-4 and 
ITE-5 is shown in Table I-1,4 and Figure I-1.4. €(T) = 0.77 at 


low temperatures, then goes through an apparent minimum of about/0. 37 


at 1660°K. No experimental error is quoted for these data. 


€ (T) for sapphire is given in Section II[-1.4 in tabulated form 
in Ref. 1TE-2 and 1TE-6, and appears to be less than the alumina 


emissivity over the range of temperatues covered, 200°K to 1273°K. 


One reference (1TE-3) gives €(T) for rocket exhaust 
particles from T = 1389°K to 2222°K, This 1s presented in Section 
OI-1,4, 
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I-1. 5. Reflectivity - Aluminum Oxide 


Reflectivity data for sapphire, bulk alumina, alumina powders 


and films at 300°K are tabulated in Section Il, Representative curves 
for sapphire, bulk alumina, and alumina powder are presented here. 
Since the reflectivity of a sample is highly dependent upon surface 
conditions, the representative curve should be interpreted only ina 
relative sense, No attempt has been made to normalize the curves 
used as representative reflectivities, 


I-l. 5. 1. Sapphire 


The 300°K data of Aronson (Ref. 1R-3) and Barker Ref, 1R-4) 


have been taken as representative and plotted together in Figure I-1.5.1. 


Reflection maxima are seen to occur at approximately 14. 5y, 17. 5y, 
21.7. 23.04%, 27 to 29p, and 52y, Lattice parameter information 
deduced from these and other data are presented in Section I-1. 7, 


I-1,5,2 Bulk Alumina 

The reflectance of bulk alumina at short wavelengths 
has been found to be much higher than sapphire reflectance, The 
data for \>9y are similar to sapphire, The data of Clark (Ref. IR-6) 
and Harris (Ref, IR-18) are plotted as representative data in Figures 
I-1,5, 2 and tabulated in Table I-1. 5,2, 


[-1,5,3 Alumina Powder 

The reflectivity for 3.5, mean diameter alumina platelets 
at 300°K from 7y to 30y is shown in Figure I-1,5.3, These data 
are from Aronson (Ref. 1R~1) and Jata for particle sizes up to 100, 


are plotted and tabuleted in Section HI-1,5. The small peak between 


104 and 12, has been observed for spinel alumina by Levy (Ref. 1R-10). 


The gross features of the alumina powder reflectance match those of 


the sapphire, 
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Sapphire - Representative Data 


Table [-1,.5.1 
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I-1.6. Transmittance - Aluminum Oxide 


The transmittance of Al,O, is shown in Tables I-1.6a 
through I-1.6e for T = 300°K. The transmittance is a weak 
function of temperature, and variations with T that occur uver 
some spectral ranges are tabulated in Section I[I-1.6. The 
unnormalized transmittances of various thicknesses of sapphire 
and alumina powder shown in the figures are taken from 
Oppenheim (Ref. 1T-17), Piriou (Ref. 1T-19), White 

(Ref. 1T-22), Dorsey (Ref. 1T-1) and Loewenstein (Ref, 1T-9). 
The structure observed in the optical properties of alumina is 
tabulated in terms of normal lattice frequencies and absorption 


bands in Section I-1.7. 
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Aluminum Oxide Transmittance — Representative Data 


Table I-1.6 


r 


T 


Sapphire of unspecified thickness (from Ref. 1T-17). 


a. 


T = 0.062 mm (from Ref. 1T-29), 


Sapphire, 


b. 
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I-1.7 Classical Oscillator Frequencies and Observed 


Absorption Peaks of Al,0, 


These data were compiled from Aronson (Ref. 1R-3), 
Piriou (Ref. 1N-9, 1T-19), Barker (Ref. 1R-4) and Dorsey 


(Ref. 1T-1). Redundant measurements have not been removed. 


coca en ernest be le Se a IE a an ae 


A (u) v fone} Comments Reference 
28.669 348.8 1N-9 
25.974 385 + 1% ordinary ray 1R.-4 
25.907 386 strong IT-1 
25.773 388 longitudinal mode, ord. ray IR-4 
25.000 400 extraordinary ray IR-4 
22.936 436 forbidden 1R-4 
22.779 439 forbidden IR-4 
22.763 439.3 IN-9 
22.624 442 + 1% ordinary ray IR-4 
22.472 445 strong 1T-1 
22.321 448 forbidden 1R-4 
22.222 450 forbidden 1R-4 
22.786 459 forbidden IR-4 
21.186 472 forbidden IR-4 
20. 833 480 + 1% longitudinal mode, ord. ray 1R-4 
20. 704 483 forbidden 1R-4 
20.534 487 strong \T-1 
19,531 512 longitudinal mode, ext. ray 1R.4 
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V7e 575 569 + 1% ordinary ray li -4 


17 
17 
17 
17 
16 
16 
16 
15 
15 
15 
15 
15 
15 
12 
12 
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1] 
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10 

9 
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7 
7 
6 
6 
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A_(hi) 


- 559 
533 
. 153 
. 153 
- 892 
~ 122 
- 000 
773 
- 748 
. 699 
.674 
~ 385 


-290 


- 987 
- 820 
407 
- 481 
«313 
lll 


. 040 


- 390 
. 009 
noe 
- 403 
. 039 
.819 
541 
299 
- 978 
711 
289 
- 556 


+ 0,05 


+ 0.039 


viten 
569.5 
571 

583 

583 + 1% 
592 

598 

625 + 1% 
634 

635 * 1% 
637 


650 

654 + 1% 

770 

780 + 3% 

806 

871 

884 + 3% 

900 + 1% 

996 

1065 

1110 

1164 

1190 

1244 

1279 

1326 

1370 

1433 

1496 

1590 
~1800 


Comments 


forbidden 


extraordinary ray 
forbidden 
forbidden 


longitudinal mode, 


ordinary ray 
forbidden 

strong 

forbidden 
extraordinary ray 
forbidden 


forbidden 


longitudinal mode, 


longitudinal mode, 


strong 
strong 
strong 
medium 
strong 
strong 
strong 
medium 
strong 
strong 
medium 


medium 
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ord. ray 


ord. ray 


ext. ray 


Reference 


IN-9 
1R-4 
1T-! 
1R-4 
iR-4 
IR-4 
IR.4 
IN-9 
1R-4 
1R-4 
IT-1 
1R-4 
IR-4 
1R-4 
IN-9 
IR-4 
1R-4 
IN-9 
IR-4 
)T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T-19 
1T.-19 
1T-19 


coe ee ee 
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I-1,8 Conclusions: Areas Needing Further Research 


An examination of the Al,O, literature shows that more 


research is needed for the following infrared optical properties; 


fa) Reiractive Index: 
Sapphire - no reliable data from 6-9, have been found, 
Bulk f lumina - no measurements of the refractive 


index have been made, 


Powders - the only data obtained are cf uncertain value, 


(b) Extinction Index: 


Psawders - the only data obtained are of uncertain value, 


(c) Spectral Emittance: 
Bulk Alumina - no measurements beyond 15, have been rnade 
Powdered Alumina - the measurements made for powders 
indicate only that the emissive properties of particles have 


not yet been determined, 


(d) Total Emissivity: 
Powders - except for one Reference (1TE-3) no inforination 


has been obtained on €(T) for powdered materials, 


(e) Reflectivity: 
Bulk Alumina - a gap exists from 2, to 8y. 


Powders - no high temperature measurements have 
been made. The 300°K measurements of Aronson i 
(Ref. IR-1) cover 7p, to 30yp. 
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I-2 CARBON PROPERTIES 


I-2.1 Refractive Index, n — Carbon 


Very few measurements of the refractive index of carbon 
or graphite exist in the literature. Figure I-2.1 and Table I[-2.1 
present the data of Foster (Ref. 2N-2) for graphite, which is 
taken to be representative of carbon and graphite. Refractive 
index measurements on soot (Ref. 2N-1, 2N-2) indicate that n (i) 
increases with wavelength for both graphite and soot, and that 
the soot data are within a factor of 2 of the graphite datz. 
Glassy carbon measurements (Ref. 2N-10) to 2y are in good 


agreement with the representative curve, as are the pyrolytic 
graphite data of Lenham (Ref. 2N-6) which extend to 17y. Fair 


agreement exists between the representative curve and carbon film 


data (Ref, 2R-4). 
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I-2,2 Extinction Index, k - Carbon 


The measurements of k for carbon, graphite, and pyrolytic 
graphite found in the literature are in very poor agreement over a)l 
wavelengths, The value of k at ly seems to be between 0.5 and 
1,0, but the behavior with wavelength is not clearly defined. 
Krascella (Ref, 2K-7) shows k for carbon smoothly rising to 2,0 
at 1.0, Foster (Ref, 2K-3) shows for graphite a rise to 1,2 at 
4» then finally a decrease to 0,8 at 10.0y. Hennig (Ref, 2K-4) 
observes for lamellar graphite a rise from lito 2y of 0.7 to 3.6, 


In the absence of coherent information on the extinction 
index, the data of Foster (Ref. 2K-3) have been chosen as rep- 
resentative, Figure I-2,2 shows these data, All other references 
are included in Section III-2, 2, 
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Table I-2.2 Carbon Extinction Index - Representative Data 
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I-2,3 Spectral Emissivity - Carbon 


a) The spectral emissivities of high purity graphite and 
carbon as measured by various authors are sufficiently similar 
from ly to 5y, the range of most experimental studies, to be 
considered the same, Wide variations exist in the published data, 
and the temperature dependence of ¢(,), if any, is poorly defined, 
Nine representative curves have been chosen ranging from 1105°K 
to 2850°K, All cover the ly to 4, range, and two, 1105°K and 
1420°K, extend to 13y. Few conclusions regarding ¢(\) in this 
temperature range can actually be drawn, unfortunately, except 
that e(\) > 0.7 to about 94. 


b) Pyrolytic Graphite - pyrolytic graphite is a highiy 
anisotropic material with C face (a-b plane) and A face (c~p.ane) 
emittances varying by over a factor of 3 or 4 for much of the 
spectral regions surveyed, 

The data of Kibler (Ref. 2SE-13) indicate for the A face 
(c-plane) that at 0.5y, e¢(X) is low, but rises to a peak around 
1,25,, then slowly drops (except for ¢(,) at T = 1914°K, which rises 
slowly and levels off around 2.0,). There seems to be no simple 
increase or decrease with temperature. Wilson's (Ref. 2SE-17) data 
show e¢(i) high (01,0) at short wavelengths, with a rapid drop in the 
infrared, Autio and Scala (Ref, 25E-3) show generally lower values 
of ¢(,). There is presently no way to choose any one set of data as 
representative. 

The C face is shown by all researchers to have a much 
lower emissivity that the A face. Kibler (Ref. 2SE-13) has observed 
a value of ¢(,) < 0.3 for 1< 1.04, which slowly increases with wave- 
length and decreases with increasing temperature. 

For both emissivities, readers are referred to Section 


Ill-2,3 for measurements made at specific temperatures, For 
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T= 1400°K, refer to Autio (Ref. 2SE-3); for T = 1600° to 2800°K, 
° 

refer to Kibler (Ref, 2SE-13); and for T above 2800 K, refer 

to Wilson (Ref. 2SE-17), 


Figure I-2.3 shows, for an example only, ¢(d) for the 
A and C faces from 1800°K to 1900°K. 
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Table I-2.3 Carbon Spectral E 
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T = 1473°K 
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T = 1882°K, pyrolytic graphite, a-face 
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I-2,4 Total Normal Emissivity, «.(T) - Carbon 


A representative value for ¢(T) of unpolished carbon or 
graphite, including the graphites HILM, H3LM, AGX, AGKSP, 
ATJ, ATJS, AUC, GA, GBE, GNH, 60 580, 7087, 7100 and 3474D, 
and L113SP high purity carbon, for temperatures ranging from 
500 to 3000°K is approximately 0.85 + 5 percent, 


Section III[-2,4 contains the processed data for ¢ (T) 
found in the literature for many specific varieties of carbons 
and graphites, 


Touloukian (Ref. 2TE-8) shows pyrolytic graphite as being 
highly anisotropic in ¢(T), just as it was in e(\); the single tempera- 
ture measurements of Wilson (Ref. 2TE-10) at temperatures above 
2200°K do not confirm this behavior however. Both sets of data 


are presented in Section III-2,. 4, 


In using these ¢(T) data one must take care to apply them 
only to materials with surfaces prepared in a manner similar to 
that in which the original sampies were prepared, Surface oxidation 
can cause very large changes in emissivity, and polishing can 
orient the surface microcrystals, resulting in pyrolytic-like 
emissivities for graphites, 


1-2.5 Reflectance - Carbon 


Cerrelation between reflectivities and emissivities is very 
poor for all published reflectivity data except Wilson's (Ref, 2R-5) 
which are included in Section I-2, 3. Section HI-2.5 presents one 
single crystal reflectivity and two polycrystalline graphite 
reflectivities, none of which have any meaningful properties 


in common, 
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I-2.8 Conclusions: Areas Needing Further Research 


No particulate optical properties have been measured for 
pure particles, and the variations found in the data for soot make 


extrapclation of the information to carbon very uncertain. 


The refractive index and extinction index for bulk carbon, 
graphite, and pyrolytic graphite are not known with enough 
certainty to state if they are higher or lower at 8, compared 


to ly, and so need to be measured carefully. 


The spectral emissivities of bulk graphite, pyrolytic 
graphite, and carbon are known to approximately + 5 percent 
for some materials, but the variations with temperature are not 
clearly determined. Also, no 300°K emissivity measurements have 
been made. The total normal emissivity is known to be 0.85 +5 
percent for a wide range of materials, and measurements are only 


necessary for specific materials where great precision is desired, 


In summary, most optical properties of carbon are poorly 
known, and all, with the possible exception of ¢(T), need further 


research. 
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133 MAGNESIUM OXIDE PROPERTIES 


I-3.1 Refractive Index, n — Magnesium Oxide 


Figure I-3.1 shows the representative curve for the MgQ 
refractive index at 300°K. No fine structure is visible except for 
the maximum in the region of 25.5y. Data for single crystal MgO, 
MgO evaporated films, and pclycrystalline MgO are in good agree- 
ment from ly to 9y; for wavelengths longer than 9y, only single 
crystal measurements have been made. Measurements of n at high 


temperatures can be found in Section LUI-3.1. 


The representative curve was constructed using the data 
of Kodak (Ref. 3N-6), Piriou (Ref. 3N-8)and Stephens (Ref. 3N-1]1). 
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I-3.2 Extinction Index, k — Magnesium Oxide 
Figure I-3.2 shows the representative curves for the 

MgO extinction coefficient at T = 300°K. High temperature 
measurements are graphed and tabulated in Section III-3.2. The 
extinction coefficient shows little structure except in the 10. 2,, 
11.6, and 25, regions. Measurements made by Hanna (Ref. 
3K-3, 3K~4) indicate that,except at short wavelengths (< 9y), 
single crystal MgO and polycrystalline MgO have similar trans- 


missive properties. 


The representative curve was constructed using the data 
of Oppenheim (Ref. 3K-10), Andermann (Ref. 3K-1), Hanna (Ref. 
3iK-4), and Rowntree (Ref. 3K-15). A linear interpolation was 
made from 55y to 90y, an area of the spectrum where the data 


of Plendl (Ref. 3K-13) indicate a lack of structure. 
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I-3.3 Spectrei Emissivity, ¢ (4) - MgO 


Only three sources for magnesium oxide spectral 


emissivity were found, all for the polycrystalline form. The 
data of Clark (Ref. 3SE-4) and Stierwalt (Ref. 3SE-10) at 
T = 1600°K and200°K are presented here in Figures I-3.3 a and b. 
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I-3.4 Total Normal Emissivity, ¢ (A) — Magnesium Oxide 


SscteiaTalecialehhtahidnlintnie i ite sii i ti aa ia ett a i hi itd 
Foose cy 


The total emissivity of polycrystalline MgO nas been 
measured for temperatures ranging from 29°K to 1800°K. The 
representative curve for magnesia data, constructed by fitting a 
third order polynomial to data from References 3TE-6 and 3TE-8 


1s shown in Figure I-3.4, and tabulated in Table I-3.4. 


é (T) is seen to decrease with temperature from a high of 
~0.7 to under 0.3 at 1500°K. This behavior is very similar to 
that of e (A) of alumina. 


No experimental error 1s quoted for these data. 
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Table I-3.4 Polynomial Fit to the Experimental Data 


| 

| 

' 

f 

i 

T ¢ (T) T e(T) T e(T) 

20. 000 0.7201 920. 000 0.4262 1820. 000 0. 3021 
40. 000 0.7170 940. 000 0.4189 1840. 000 0.3069 

i 60. 000 0.7136 960. 000 0.4117 1860. 000 0.3121 

i 80. 000 0. 7099 980. 000 0.4046 1880. 000 0.3178 

E 100. 000 0. 7060 1000. v00 0.3976 1900. 000 0.3239 

120. 000 0.7018 1029. 000 0.3907 1920. 000 0. 3306 
140. 000 0.6974 1040. 000 0.3839 1940. 000 0. 3377 
160. 000 0.6928 1060. 000 0.3773 1969. 000 0. 3453 
180. 000 0.6879 1080. 000 0.3708 1980. 000 0. 3534 

200. 000 0.6829 1100. 000 0.3644 2000. 000 0. 3620 

t 220. 009 0.6776 1120.000 0.3582 2020. 000 0.3711 
240. 000 0. 6721 1140. 000 0. 3522 2040. 000 0. 3808 
260. 000 0.6664 1160. 000 0. 3463 2060. 000 0.3910 
280. 000 0.6606 1180. 000 0.3407 2080. 000 0.4017 
300, 000 0. 6546 1200. 000 0.3352 2100. 000 0.4130 

i 320. 000 0.6484 1220. 000 0.3299 2120. 000 0.4248 

340. 000 0. 6421 1240. 000 0.3248 2140. 000 0.4372 

b 360. 000 0.6356 1260. 000 0.3199 2160. 000 0.4502 

' 380. 000 0.6290 1280. 000 0.3153 2180. 000 0.4638 
400. 000 0. 6222 1300. 000 0.3108 2200. 000 0.4779 
420. 000 0.6153 1320. 000 0. 3067 2220. 000 0.4926 

f 440. 000 0.6083 1340. 000 0.3027 2240. 000 0.5080 

t 460. 000 0.6012 1360. 000 0.2990 2260. 000 0.5240 

& 480. 000 0.5940 1380. 000 0.2956 2280. 000 0.5405 

500. 000 0.5867 1400. 000 0.2924 2300. 000 0.5578 

520. 000 0.5793 1420. 000 0.2895 2320. 000 0.5756 

i 540. 000 0.5719 1440. 000 0.2869 2340. 000 0.594) 

560. 000 0. 5643 1460. 000 0. 2846 

580. 000 0.5567 1480. 000 0. 2826 

600. 000 0. 5491 1500. 000 0.2809 

620. 000 €.5414  1520.000 0.2795 

640. 000 0.5337 1540. 000 0.2784 

660. 000 0.5259 1560. 000 0.2777 

f 680. 000 0.5182 1580.009 0.2773 

' 700. 000 0.5104 1600. 000 0.2773 

720. 000 0.5026 1620. 000 0.2776 

[ 740. 000 0.4948 1640. 000 0.2783 

| 760. 000 0.4870 1660. 000 0.2793 

{ 780. 060 0.4793 1680, 000 0. 2808 

800. 000 0.4715 1700. 900 0.2826 

820. 000 0.4639 1720.000 0. 2848 

b 840. 000 0.4562 1740. 000 0. 2874 

860. 000 0.4486 1760.000 0.2905 

880. 000 0.4411 1780, 000 0.2939 

900. 000 0. 4336 1800. 000 0.2978 
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I-3.5 Reflectance — Magnesium Oxide 


Figure I-3.5a presents the representative curve for 
single crystal MgO at T = 300°K as measured by Hanna (Ref. 
3R-7). Figures I-3.5b and c, measured by Piriou (Ref. 3R-13) 
are taken as representative for this material for 1080 and 2225°K. 


Measurements of the reflectivity of polycrystalline MgO 
and MgO powder are shown in Figures I-3.5d and [-3.5e, respec- 
tively, for T= 300°K. No high temperature measurements were 
found in the literature. No polycrystalline data beyond 2y were 
found, or powder reflectance data at wavelengths longer than 
14.u. 

Not included in the representative data are the meas- 
urements by Arli (Ref. 3R-2) of the angular spectral reflectivity 
of MgO powders, which are presented in Section III-3, 5, 


EE NEY I FCT ENTE eee 


Table I-3.5 Magnesium Oxide Reflectivity — Representative Data 
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I-3.6 Transmittance - Magnesium Oxide 


Figure I-3.6a and Table I-3.6a present the representative 
data for bulk magnesia transmittance at T = 300°K, Data are listed 
in Section III-3.6 for transmittance at temperatures up to 1270°K, 


over a limited range of wavelengths. These data are composed of 


three unnormalized sets taken from Oppenheim (Ref. 3T-12), Piriou 
(Ref. 37-13) and Hanna (Ref. 3T-6). 


Figure I-3.6b and Table I-3.6b present the data of 
Sirvastava (Ref. 3T-15) for powdered MgO at T = 300°K. No 
high temperature powder transmission measurements have been 


found in the literature. 


The etructure observed in these transmission spectra is 


defined in Section I-3.7, where principal lattice frequencies and 


absorption bands are listed. 
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I-3.7 Classical Oscillator Frequency ar.. Observed 


Absorption Peaks of MgO 


So rere ERT re rie om 


These data were compiled from Gourley (Ref. 3T-4), 
Piriou (Ref. 3T-13), Srivastava (Ref. 3T-15), and Saksena 


(Ref. 3R-15). Redundant measurements or calculations have not 
been removed. 
i 
| A (py) v (em™}) Comments Reference 
i 27.36 365.5 T=77°K, med. strength 3T-13 
| 27. 03 370 2-phonon band 37.15 
; 25.26 395. 88 principal lattice freq. (calc. ) 3R-15 
" 23.81 420 2-phonon band 3T-15 
22.47 445 2-phonon band 3T-15 
| 20.41 490 2-phonon band 3T-15 
16.95 590 2-phonon band 3T-15 
15. 87 630 2-phonon band 3T-15 
} 15.55 643 T=77°K 3T-13 
| 15.22 657 IR active mode 3T-4 
14.72 670 multiple phonon »and 3T-15 
14.35 697 IR active mode 3T-4 
13. 89 720 multiple phonon band 3T-15 
13.74 728 IR active mcde 3T-4 
| 13.53 739 IR active moae 3T-4 
13,51 740 IR active mode 3T-4 
! 13,40 746 IR active mode 3T-4 
L 
t 
, 
| 
| 
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Dae an ee ate tne te achat a le 


Comments 


multiple phonon band 
T=77°K, weak 
IR active mode 
T=300°K, weak 
IR active mode 
2 phonon bind 
IR active mode 
IR active mode 
IR active mode 
T=77°K, weak 
IR active mode 
T=300°K; strong 
IR active mode 
T277°R:; strong 
2 phonon band 
IR active mode 
T=300°K, strong 
T2977" kK. strong 
Tea ie, weak 
IR active mode 


2 phonon band 
IR active mode 


T=300°K, medium 
T=77°K, medium 


IR active mode 


Reference 


3T-15 
31-13 
3T-4 
3T-13 
3T~-4 
3T-15 
3T-4 
3T-4 
3T-4 
3T-13 
3T-4 
3T-13 
3T-4 
3T-13 
3T-15 
3T-4 
3T-13 
3T-13 
3T-13 
3T-4 
3T-15 
3T-4 
3T-~13 
3T-13 
3T-4 


10. 33 
10. 80 
10.74 
10.71 
10.60 
10.26 
10,18 
10.15 
10.14 
10,00 
9.90 
9.84 


9.09 
9.26 


8.97 
8.88 
8. 87 


8.0U 
8.33 


7.25 
7.15 
7.02 
6.76 
6.67 
6.60 
6.10 
5.41 


to 


923 
926 
931 
934 
943 
975 
982 
985 
986 
1000 
1010 
1016 


1080 
1100 


1115 
1126 
1127 


1200 
1250 


1380 
1400 
1425 
1480 
1500 
1515 
1640 
1850 


v (em7}) 


Comments 
IR active mode 
T=300°K, medium 
T=77°K, medium 
IR active mode 
IR active mode 
multiple phonon band 
T=300°K, strong 
IR active mode 
T2772 °K strong 


T=300°K, weak 
T=77°K, weak 


T2777 °K 300K, median 


multiple phonon band 
IR active mode 


IR active mode 
T=77°K, 300°K, strong 


muitiple phonon band 
T=77°K, 300°K, medium 
multiple phonor. band 
multiple phonon band 
multiple phonon band 
multiple phonon band 
multiple phonon band 


multiple phonon band 
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Reference 
SiN eee oes 


3T-4 
3T-13 
3T-13 
3T-4 
3T-4 
3T-15 
3T-13 
3T-4 
3T-13 


3T-13 
3T-13 


3T-13 
37-15 
3T~4 
3T-4 


3T-13 


3T-15 
3T-13 
3T-15 
3T-15 
3T.~15 
37.15 
3T-15 
3T-15 


Oe RRR ER ETD oem ane 


I-3.8 


Conclusions: Areas Needing Further Research 


a) 


b) 


c) 


a) 


Refractive Index — no measurements for powdered 


MgO at any temperature have been made. 


Extinction Index — for single crystal MgO and poly- 
crystalline MgO, the region trom 55y to 90, has 
been inadequately surveyed. Data for powdered 


MgO at all temperatures and wavelengths are needed, 


Spectral Ernissivity — room temperatu:-e measure- 
ments fur buik MgO are needed, and also meas- 
urer.ents for powdered MgO over the entire 


terrperature and wavelength ranges. 


Total Nor:nal Emissivity — no data for powdered 


MgO have been found, 


[.4 ZIRCONIUM DIOXIDE PROPERTIES 


I-4.1 Refractive Index, n-Zirconium Dioxide 


No data on the refractive index of zirconium dioxide were 


found, 


| 
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[-4,2 Extinction Index, k-Zirconium Dioxide 


The only value of k located in this literature scarch is 
that of Piriou (Ref, 4K-1). His data are for monoclinic ZrO, from 


Sy to 7, at 300°K, and are shown in Figure [-4, 2 and tabulated in 
Table [-4,2 
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Index — Representative Data 
0 
H] 
8 


tion 


inc 


: 


Dioxide Ext 


irconium 
5 
7 
38 
9 


Table I-4.2 
2 
8 
2 
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I-4,3 Spectral Emissivity, €(A)- Zirconium Dioxide 


Figures 1-4. 3a, b,c show the values of e(\) at T=1200, 1400, 
and 1600°K measured by Clark and Moore (Ref. 4SE-5) for cubic- 
stabilized zirconia, These data are in fair agreement with the other 
published values of ¢(,), which are presented in graphic and tabu- 
lar form, except that the minimum shown at 2,was not observed by 
Blau (Ref 4SE-2). Two possible reasons for this discrepancy are 
differences in spectrometer bandpass or crystal lattice structure. 
Clark and Moore (Ref, 4SE-5) described the effects of inadequately 
Stabilized cubic ZrO, at 1600°K as being an increased emittance 
at short wavelengths with a corresponding long wavelength decrease. 
Figure I-4, 3d shows the variaticn of e(k) with T for several wave - 
lengths, and suggests a minimum near 1100°K at short wavelengths, 
The existing data are not sufficiently accurate and/or detailed to 


adequately determine this variation, however, 


It should be noted that in general, emissivity data is dependent 
on such sample properties as porosity, density, and surface prepara- 
tion, making application of such data to samples that differ from the 
original rather uncertain in accuracy. Wherever possible, emissivity 


data will describe in detai) the sample studied. 


[-103 


2 


vity — Representative Data 


ce Spectral Emissi 


10Xi 


Zirconium D 


Table 1-4,3 


T = 1200°K 


a. 


MHOMORLM 
e 0 I IAR OF 
HANNS OO 
e@eenreeee 


3O 97379 319 
20'973000 

a IDC INDIAN ON 
e€ee0eesee 
AIPOOIIN + 
tet 


FP, -pontamtmmtmemenrrtnctammnaasacacpe tithe - 


Om OC OCIA 
wo NON Th 
et} ODOC OV 


WII D 
HI WIVIIID D 

«< 3°90'9°9'3 
@eeseoe#ee 
NFrAMON Ft 

raed et 


i easeheeneiaemetieensiitcemtinieemmmemetes “cinerea al 


TO SRININ 9 IN 
® SIAMINMOR 
AAN OTN MD 


ed*2 OF 9F9FRTV 
wWID]IIID 

< LALA nteytstsy £9 
@eee92%9828 @ 
(OIE Det 9 

ae 


rere mercer Eee 


MI OMAN T 
OM AD HONK pf 
® wt Ath OTP TO 


@eeveetere 


T = 1400°K 


NO FINI 

KO tG:0R0 

od AMM OMOM 
@eeseteeoe 


'9231IOY 30 
1290AE909090 

<< SONIC ANSI UY 
@eeeoeeoee 
NT.LOT ae 
wtvted 


<n cE 


NY FNS 
PLA CSUN ID 
@ ANNO ONO 


b> Li Tae Ds Lee eat] 
WQ073VWD 

< OD 999 
eeeste¢ @ 

CU POY 20) F 

24-4 


SC RT PTAs 


QUMAINIACIIOA 
~ DOR FO. 
rae ODNMN 
@eeeeteve 


(3922 909 

VAI DMIDNI 

«< CVGVIOINGNNEN 
eseeeeee@ 

See ATE LOE EP) 

vied 


RP OD 2 AMAL 
St. FHA OPA 
® AL se DO PEM DY 


eoreeeee 


3 4% 39 270 9 ? 
9333379339 

« y,Y327 D> BF? 
eeeee##*#¢ 
HamMmiats Dem 4 
rtraet 


T = 1690°K 


Ce. 


P90 L900 2 
MANADOINAD 
ARO Poon OX GD 
eseseeet8e 


7933029 
3990 990 
TAIRIOAIN ES NEO 
eseeaeerteve 
AEtOorae > 

viet + 


POD 000 (da UN 
TOR31N.0 
UNO ODO 


9 FID? 
92239949 
Mm223:999 
eeensv nee 
NPTWD 30) -F 

red 4 


DP MNMO THAIN 
LOLN COR PUY 
NINN OVO TN 


NUeYWIII YD 
232399 WOK 
Th admal ceive lay 
eeoeensee 
HDS TD -4I4 

viv 


th fey ansre 9 
MMO 4O ON 
AM) PEN ARDY 
ee? @©f © @ @@ 


- F . CSNOMD | WOHLONZ TSN nas: tae CSNOSD | WOHLONS T3NOM we «@ 
sgt (eae ee Te - c 2 "9 “S2_S'7Z_ oz S*gi Gi Si 01 SZ ‘S$ 'z *0 
*9 sa “0 
« “WwW 
{ 3 t 8 
r 4 
z3 2-3 
YLbO 3NILYIN3S38dZa g W100 3N! LVLN3SS3adBa a 
{ MOOpiFL van MOOZIFL an 
} 301xXO WNINODYIZ < 301xXO WNINODY1Z < 
{ 8E *p-1 BaNJI 4s eS GE “b- 1 3aNG! 4 we GR 
Pa = 
2 EB we 
" i a 
i 
ya to i? 
i 
c* g° 
! 
nS 
I | * a 
} ! 
hoy 
Ss JOIXO WHINDDH'Z JO ALIMISSIWS Iwsloads | 301XO WNINODYIZ “30 ALTAISSTWS WaLd3ds | 


bani lladstn az 8Let ste nd 45 brs st DIOL nd Ste dad marae nasa png pen ict a : Eke sete) gut, binmblibaltes Ph Seah ala Mitte bd tmnt en i> neasttnast 


~ rpg ee oy 


: 


SSNOSD IW DHISN3S T3INGM we = 
"S$Z_S°2Z “02 _ S "2k “Gi 8 "SE "Ol S’2 “SS °z “0 


~™ 
ALINISSIW3 TWwaLd3dS 


BLYO 3NILYIN3S38d ' 
0091 c 
301XO WrINODAEZ 

SE *b-1 


v 
. 


30'xXO WNINOSSIZ 40 ALICISSIWS WaLd3adS 


I-106 


“(I-HSP *Jeu) PunyyOeg ere saTBuersy pue 
(@-ASp *J2uU) neTg ate saporty usdo *(S-ASb *J2u) AWAeIO 
ete S9TIITD peso[D ‘eanjertoduray mtIM {(X)® JO uoneaweA ‘pe *p-T aaindtgz 


(uIA}sy SBav68p} JUN VHIdW3L 


UC) SS] A 008s 00. 


1-4. 4 Total Normal Emittance: ¢(T)—Zirconium Dioxide 


Four sets uf total normal emittance measurements for zirco.ia 
either pure or in calcia-~ or magnesia-stabilized forms have been found 
in the literature, and are in goou agreement. The experimental error 
limit of + 0.05 in ¢(T) as reported by Hedge (Ref, 4TE-1) is probably 
representative of all the data. Figure I-4.4 shows all the experimental 
data points and a fitted third-order polynomial curve, which is tabulated 
in Table I-4, 4, 


e(T) varies from approxirnately 0.? at 50°K through an 
apparent minimum of about 0.4 between 1100 and 1600°K, to 
over 0.5 at 2500°K. No explanatior. of the minimum has been 


found in the literature, 


All digitized data in the tables in Section III-4.4 were 
transcribed directly from the experimental points shown explicitly in 


the literature, notfrom fitted curves, 
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Table I-4.4a Representative Values of ¢(T) of Zirconia to 2400°K, Obtained from a Third-Order 
Polynominal fit to all Experimentally Measured Points 
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t-4,9 Kefiectanve ~ silconiura icxide 


i" }lure I-4,5 shows the data of Clark (Ref. 4R-1) and 
Piriou (Ref, 4R-3) for monoclinic zirconia at 300°, Reflectance 
spectra for the metastable cubic , hase may be seen in Section DI-4. 5, 
No data from 2,5yto 94.were found in the literature, and no data for 


temperatures other than 300°K were obtained, 
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1-4. 6. Transmittance - Zirconium Dioxide 


Unnormalized representative data for monoclinic zirconia 
transmittance are listed in Table I-4.6a and b, and shown in Figures 
1-4.6a and b. The data from lp to 94 were measured by Piriou 
(Ref. 4T-6), and from 12y to 36y by Baun (Ref. 4T-1). The wave- 


lengths of the absorption bands of ZrO, having cubic, tetragonal, 
strained menoclinic, 


Section I-4. 8. 


and monoclinic structures are tabulated in 


ae ia RE EOE TET TT TT ee “ 
WOE 7 ee etn teenies icne al aOR 
EE LENS LEE aE EE PE 


s ae 
Pea ent Sk ate in laa ants 


I-115 


Data 


ave 


de Trans mittance-Representati 


ioxi 


D 


irconium 


Table I-4.6 Z 


ave Awe HHWoee 
OO DAQoVoDnGaKe 
+s $6 $44646646464668 


©Fe ©eeeeeaereene 
OOK BOSS IFM Met sing 


A200 MMOMAR 20 gH. sin 
QO AMUTNMAMOOW 


<< AWO NOMOUMAR © oR, 


eee CeCe Xe eeanee 
MIN ODOR RARA come 


ev re resin arenrmara neUtnhcapeelinmaannaatnfatnenmatmmeneaniieee 


eleded Tt etme lee Meet 
20E OCODAMOAAOCOON 
e+ +oeeeeeeeeeus 
Gitaly WWW 
For Wor OMOMURA AGN 
QMO © ONM HiNOOUM IR 
HAND T FNRALIN «OM NAW 
eee Fee eee aneensnae 


DOM KOSS +P HOCUMO 


Ong DO COUVW LNA etedetify 
mA TNO MANOS 20 
Mah ANDOH+#Mt00M 00 
eoee eee eeeaseeoaene 
NIU ODOR AARA wom 


peti eee 


hahaa he haharehakel~l-) ot 
oOag YOIVGIQAOMOOOG 
Hod HHSteeseases 
(eiluta tO WLU to tod 
Ret NINF-SNLOMOAIO 
re ats) FT LMOR OOO FA 
One LN WAAL? MH HOUR I) 
eee Cee eeeveoeeee 
OMe & OWNS FSM UOM Me 


MOE DODNMN PH Werwmey 
en AON IND od) 2K. 
ROS APROANTOMOAINE 
eee Ce eem enon erene 
AMUN iO OORKRARAR oan 


NE eR See Reemn mtn cttpmueenenenaminns 


edad del ele ed HOS 0909 
QOoec SOOQBIANAMOANMOD 
eee a ee ee et 
WU Wl Oa Lotta: 
oY bal on) MAND $F ONO MO 
WON FRR HOOK MONON 
AN BR OOMIA FIN MER ing 
eee © © Pee eee oeen 


eo oe a 2 TIM OC HMM 


INM wg OOK ACrOALD UNOO INK a 
mt. of TAR FIR ALOR Inn 
mea QMmn D ANMIN DH .400 
Le 
eMyin WMODOOR AR AR mew 


1-116 


HAcivietet Malvina reteitivivivivietotetvtelwHelelviviolel 
BOQGOOO COOGOOGOGOESCOCOSP@OOC Sec 2e0e 
SH OHSS $$$46$$4FF SSS SHHSOS4SHSE SE SOH 
Sante Nine i eteebpehpond tis bach mae deca olvorbech. vhey depot dege cathe tgs uid 
KH BWOMUN ARONMOSR SIN Sh aASATROE. DH HOMNE 
SADDLE OL OOCOMVNGPWLSIONE OMODONcIMMOM 
NAAR LH CP PYNUMAMOMM MEMRAM ANN OUDS 
@ee@eecoe ©OC esa eeeeeeeeeseeesvoeaeeaseeeve 
DMNMNOOR POM SMMENPNNNAUMMMUMMNE: FPF OWO 


ORMOND OSHULMAFSR A ANOOND OUD AMDQM 
mADORG DAHONVUD ot LOTR. OMG PSONMMNONMNSUNG 
<< PONDON OeDOARNONOMD UPODIRURAR ONS HRM Het 
@eeeoto Ceeeeevesveeaeaeseneeaeen neta aeee 
NUMMMM FS SUMDORKRA CONMOGANUM MMORONTOMS 
Hetvdleteted eletetetetetedetet eet NINQINAININNINAICINUOICIM IM 


oe a tea nS 7 PSOE EES PON PE SE SSS EEE ES SSIS 


Aretivleteq TVideleteetieetetededeteteted eletetetited ied wtoted 
SAISOSRVO QOCESOOEOOOHVHIOAIEGEOEEOC2QOGoOBweogw 
$4668 466 $4664646 4666460446646 460640464604644640F 
Wate a a a a a a td 
DNIMOKM COMTCOUMDONONS CMVOMONHONDORNHE 
GMOS AMODE HHNaADIPMONUAUARSMOOVBANOM 
% MeMmohrm NORMNVANMOAD FOND OTDEOMOR ORG 
OCC e CHOHSHTHOHHHSHEHKHHHEOHHEOEHAKEHHEOHECS 
DWDAD OR. & ODNFMM SIE SO MAUNUIUMMMIUM SINS fF PW 


PNOPOS OKRECDTNOWOMO HOH NALOGRIOWON NN 
CORAR ANPSONOANOOMm ODVUOOHAMODDOMNVOMS 
OOM Sat HO PSOMN HD ADNDQODSNURNA SSINMD 2MMO 
@eeee0ne FPeeweoeaeneoeneeaeeeaeoseoeeneeoeee ee 
2 NN MS SIMMORAR COSCON QOANUMPNORODDONES 
ode ded otet ot oted eteded el led eI CINIQININIAINII NAINA 9M 


Adetetedle4 etedel aleleted ctvleled al ected oe) clet edeied ol eded v4 odode 
VEOGOCO DQAGKECCOGVOQMQQOGOVB2OCECLrVeQI00Uo0 
OHHH SESESEEHESHSESSHSEHESESEHSS 
TNT NTI WYO Mey MeT Pn] MONT eT Pe reve Ye] en ite te vey iene) ead) Pa ee Te a Petey 
Oth Meith K.P FRAUDOMNNG P08 AOR SMU OU 

MK ONUOMM DOOR DINFINMCINM SOAK FUCRONe! TNOOW 
OWN ed MOOAMAROMNNO ES OMRADOMMN OO WAM 
¢#@@ee0aneeeeseoe@esaeeemeeaeqeeee@eevpeeeeaeoeee 8 @ 
UAV EP PR ODEN PDIP PUNE MOURKICUM MCU PINE SPIN 


(Continued) 


DPPDASGL MOMROMM ANWOO MNINGANAD S4dMA HPMO 
ALN Pe OD UNO Pe BP OUNDOINE Devt O PODM UA ME? FON 
OLOQM ON MONRMAIH POONA SUANTNOOANHOMOALO 
CCC C OHS Cee eeeeFernseeesHeeeHeteeeete 
NNMMMM &eAMNODRAR CORT OCINAUNMINOM DOVQetS 
MHndeledal awWelstiricteletee a TIAINCIINNNANNAIAI CIM MID 


Table I-4.6 
ny 


b. 


"$Z_ SZ 


“02_S "StS "eh “Oi S"<¢ “Ss Sz 


Bid ANILYINSAS3Z8d3a 
4 OO€=L 
301xO WNINOOYAIZ 
89 °b-t| “Ola 
3O!XO WNINODY!Z 4O FJONOLLIWSNOAL 


Snowe THOHLONZTINYM =e 


- (SNO&YO I WOHLINS T3INGM —_— 
22 SZ S$ °*2z “0Z S°gi "Si Sot “Oi GZ “SS 2% a 
in) Sars f 

OL O41 
g g 

0&2 0zz 
ro] w 
g = 
D D 

o£ 0c — 
m m 
o o 

ov = Op = 
rt D 
Zz Zz 
y Se) 

is os + 
— 4 
> > 
Zz Zz 

030 990 


o 
Xx 


So 
fo) 


vivd 3N1LY1NaS3a 
4 OO€=1 
301xXO WNINGOa!Z 
US*b-1 “Sig 
3O1XO WNINDOS!Z JO JONVILINSNGSL 


i=] 
n 


001 


I-11 


Tere 


Fa aaa 


ee On TON oe Tr rn en or rn RE TR TOE > 


ek ee Te WP 


oe 


A De Sn a a at OM all ae ie, 


CSNO8O 1 WOHLONS TaNUM am =o 
“0 “SE “Oe "SZ “Oz “St “0% “S 5 


A | 


VLU 3NILYLNAS INT 
4 OO€=1 

3Q1KO WN!NQOaIZ 

G9*b-i “DIS - 

301XO WNINODY!Z JO SONGLE!USNUaL °°! 


i=] 
N 


° ° 2 ° 
is © wv) ¢ o 
JONULLIWSNOSL 032) IWHYONNN 


i=] 
@ 


B 


Me ti ae anal Ok ap dene ci et le Rata de A I Ee ee sec te a el ee te cm ee a ne ne 


I-119 


epee 


I-4.7 Observed Absorption Peaks of Zirconium Oxide 


These data were compiled from Baun (Ref. 4T-1), 
Phillippi (Ref. 4T-5) and Piriou (Ref, 4T-6). Redundant data 


have not been removed, 


P 


W(y) F(cm> Comments Reference 
7.0 1428.6 monoclinic 4T -6 
8.1 1234.6 monoclinic 47 -6 

12, 6620, 16 790210 =monoclinic 4T-6 
13,42 745 monoclinic 4T -1 
13,51 740 strained monoclinic 4T-5 
13,51 740 monoclinic 4T-5 
14, 2940, 20 700410 monoclinic 4T-6 
16,12 620 shoulder; monoclinic 4T-1 
16,13 620 monoclinic 4T -5 
17, 24 580 strained monoclinic 4T-5 
17, 2540, 29 580410 monoclinic 4T-6 
17. 39 575 tetragonal 4T-5 
18, 87 530 high intensity, brvad; monoclinic 4T-l 
19,42 515 monoclinic 4T-5 
19,61 510 tetragonal 4T -5 
19.61 510 strained monoclinic 4T-5 
20. 6340. 43 485+10 monoclinic 4T-6 
20.83 480 broad minirnum; cubic 4T 5 
22, 22 450 low intensity; monoclinic 4T-] 
22,47 445 monoclinic 4T -5 
22. 4940. 50 445410 monoclinic 4T -6 
22.99 435 tetragonal 4T-5 
23, 53 425 strained monoclinic 4T-5 
23.81 429 low intensity; monoclinic 4T -] 


24.10 415 monoclinic 
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Table I-4.7 (Continuec) 


W(p) F(cm_ i Comments Reference 
24, 4140. 59 410410 monoclinic 4T-6 
26, 67 375 low intensity; monoclinic 4T -1 
26, 67 375 monoclinic 47-5 
26,6840.71 375410 monoclinic 4T -6 
27. 40 365 tetragonal 4T -5 
27, 78 360 shoulder; monoclinic 4T-1 
27.78 360 strained monoclinic 4T-5 
27.18 360 monoclinic 4T-5 
37,04 270 monoclinic 4T-5 
37, 74 265 strained monoclinic 4T-5 

37.88 264 monoclinic 4T-1 
42,55 235 monoclinic 4T -5 
43,48 230 strained monoclinic 4T-5 


44,44 225 monoclinic 4T~1 


1-4.8 Conclusions: | Areas Needing Further Research 


So little is known about zirconia that the research areas 
open for further work are best defined if that which has been rneasured 


is summarized. 


a. k: Measured from 5yto 9u, 300°K tor bulk monoclinic ZrO >. 


b. (A): Measured well from lyto l5yat 1200°K to 1400°K for 
bulk calcia stabilized zirconia. 


c. ¢(T): Well defined to 2386°K, 


d. Reflectance: Bulk zirconia 0.2, to 2.2yand 9,to 33y. No 
data from 2.5y to 9.0% All at 300°K, 


' e, Transmittance: Bulk monoclinic zirconia, lyto 9, and powdered 
zirconia lly to 33y. No 9uy to lly, data of any 
kind for monoclinic zirconia, One measurement 
of 9y to llytransmittance for cubic zirconia, 
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Ill-1.1 Tabulated Refractive Index Data-Aluminum Oxide 


Contents: 
IN-2: Harris @nd Piper; films of 200 A to 2800 & thickness, 
T = 300°K (unspecified), 
1iN-3: Loewenstein; n and n, at T = 1,5 and 300°K, 50, to 3204 


for sapphire, 
IN-5: Malitson; ny of sapphire at T = 297°K, 
1N-9: Piriou; sapphire at T = 293°K, 1773°K. 
IN-10: Roberts; sapphire, T = 300°K, A> 1004. 
IN-11: | Russell; sapphire, T = 300°K, 1>60 {be 


IN-12: Streed; sapphire at T = 300°K an 925°K, alumina powders 
at T = 300°K. 
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The refractive index of aluminum oxide f: 
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or experimental error estimate was given. Data were d 


No representative curve for films was constructed. 
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Ill-! 2 Tabulated Extinction Coefficient Data - Aluminum Oxide 


Contents: 
lK-1: 
\K-2: 
1K-4: 
1K-5: 
1K-6: 


1K-10: 
K-11: 
1K-12: 
1K-13: 
K-15: 
1K-16: 


Grimm; G.E, Lucalox, T = 300°K. 

Gryvnak; sapphire, T - 296 to 2293°K. 

Harris; aluminum oxide films 200 to 2800 A thick. 
Loewenstein; sapphire, T = 1,5 and 300°K. 
Mergerian; sapphire, T = 373 to 1273°K. 

Olt; sapphire, T = 300°K. 

Oppenheim; sapphire, T = 293 to 1273°K. 

Piriou; sapphire, T = 77°K and 293°K. 

Piriou; sapphire, T = 293°K and 1773°K. 

Russell; sapphire, ky and Ke: T = 300°K. 


Streed; sapphire at T = 300°K, alumina powder at 
T = 300, 1000, 1500, and 2000 K. 
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I-1.3  Tabulated Spectral Emissivity Data — Aluminum Oxide 


Aronson; Alumina powder, 5-30 ydiameter, T = 298°K. 
Bergquam; 0. 3 ydiameter alumina powder, T = 1000°K, 


Blau; bulk alumina at T =873°K and 1303°K, Materials 
are Coors AD-85, Coors AD-99, and Norton T WA-2, 


Carlson; liquid Al,O, droplets T-2356°K to 2880°K. 


Clark; 99.2 percent pure bulk alumina, T =1200°K, 
1400°K, 1600°K. 


Mergerian; sapphire, T = 373°K, 648°K, 1013°K, 1213°K, 
Richmond; alumina grit blasting effects, 


Schatz{; sintered alumina, T = 373°K, 885°K, 1003°K, 
1148°K, 1273°K,. 
Stierwalt; sapphire, T=4.2°K, 77°K, 200°K. 


Streed; flame sprayed alumina particles of 0.06 yp, 1. 0p, 
and 8,O,.diameter, T = 300 °K to 2000 K, 


Tovloukian; alumina: G.E. Lucalox, T = 813°K; Norton 
TWA-2, T = 873°K, 1323°K; Coors AD-99, T=873°K; 
Cvos AD-995, T=814°K; and miscellaneous Coors and 
McDanel materials from 800°K - 1600°K plotted together. 
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Microgrit ‘'WCA" alum 
studied. Particles have a platelet configuration with a diameter 5« the thickness, Particle size 
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€(A) = lt at 1035 Sao a 


resolution was used with a standard 


icrons be 


distributions are shown in Figure III-1.3.1, theaverage diameter in m 


the WCA number. The sample temperature was determined by taking 
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Christiansen frequency. An interferometer with 15 cm 
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Norton TWA-2, A402 Alumina (98.56 percent pure), T = 1303°K. 
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[ 1R-1: Aronson; corundum powders and spheres ranging in 
A size from 0.3, to 135y diameter; the effects of surface 
abrasion on randomly oriented sapphire. 
1R-3: Aronson; sapphire at long wavelengths, T = 10°K, 300°K. 
IR-4: Barker; sapphire and ruby for ordinary and extraordinary 
5 ray orientations; the effect of surface etching and abrasion 
on the appearance of bands due to forbidden phonon modes. 
1R-6: Clark; fine grained 99 + percent pure alumina. 
1R-7: Gervais; sapphire heated to 960°K to 2070°K by a furnace 
and a 944 cm” laser. 
IR-8: | Harris; 50, 100, 200 volt Al,O, films, T = 300°K. 
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1R-10: Levy; pelletized spinel alumina powder, T = 300°K. 


IR-1L1: McCarthy; sapphire, 2 mm thick, T = 300°K. 
\R-12: McCarthy; sapphire, 3 mm thick, T = 300°K. 
1R-15: | Piriou; sapphire, T = 293°K, 1773°K. 

1R-17: Salama; RF sputtered Al,O, film, T = 360°K, 
1R-18: | Tipunin; pure corundum, T = 300°K. 
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Particle size = 0.3p» diameter. Supplied by Adolf Meller Co. 
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Ordinary ray reflectivity, Meller sapphire, after etch. 
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r= 1420°K + 30°, laser heated. 
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(Ref, 1R-7) 
T= 1420°K + 30°, furnace heatec. 
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T= 1550°K + 50°, laser he 
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T = 1775°K + 20°, laser heated. 
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T = 1775°K + 20°, furnace heated. 
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The sample temperature 


No bandpass or error information was given. 
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A Beckman 1R-5A spectrome‘er in the 2p to 6 region and a Beckman IR-7 with 
These data are in generally good agreement with the representativ 
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Cs I optics in the 12.5 to 50% region were reed to measure the reflectance of 2 mm thick 
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McCarthy (Ref. 1R-12) 


Beckman 1R-5A, 1R-7, and 1R-9 spectrometers were used with a fixed angle 


specular reflection attachment to measure the reflectance of 3.0 mm thick sapphire from 


2y to 50y. 


No attempt was made 


All sample surfaces were flat to ten fringes or better. 


No bandpass or error information was 


to measure back surface reflectance contributions. 
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given. The sample temperature is unspecified and may be assumed to be a 


300°K. 


These data were digitized from a line. 
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These data are in generally good agreement with the representative curve given in 
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Salama (Ref. 1R-17) 


iuminum oxide films on silicon, with densities ranging from 3.1! to 
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were studied, 
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Experimental details and error estimates were 


The data were ditigized trom a line. 
These data were selected in part to construct the reflectivity spectrum of corundum given 


I, Figure I-1.6, 
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Tipunin (Ref. 1R-18) 
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Ilt-1.6 Tabulated Transmittance Data-Aluminium Oxide 


Dorsey; a, y, and pseudo y alumina powders, T 2 200°K. 
Gillespie; Linde sapphire, T = 298°K to 673°K. 

Grimm; synthetic sapphire and G.E. Lucalox, T > 300°K. 
Harris; aluminum oxide films, = 14yp to 90p. 

Lee: sapphire, T = 297°K to 1473°K. 

Loewenstein; sapphire, T ~ 300°K. 

Marshall, sapphire, T ~ 300°K. 

McAlister; sapphire, T = 673°K, 873°K, 1073°K. 
McCarthy; sapphire, T > 300°K. 

McCarthy; sapphire, T= 300°K. 

Mitsuishi; powdered w- Al,O,, T 2 300°K, 

Olt; sapphire, T= 773°K. 

Oppenheim; sapphire, T = 293°K to 1273°K. 

Piriou; sapphire, T= 77°K and ?.73°K. 

Roherts; sapphire, T 2 300°K. 


White; a - Al,O, powder, T > 300°K. 
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A Perkin-Elmer 21 spectrophotometer with NaCl optics 


Data were digitized from curves. 


ion was given. 


No bandpass or error informat 


These data agree generally with the representative curve giver in Section [I - 1.6. 
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These data are in general agreement with the representative curve given in Section I 
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The transmittance of sapphire from 1y, to 64 at temperatures of 673°K, 873°K, and 


McAlister (Ref. 
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A Beckman 1R-5A spectrometer in the 2p to 6p region and a Beckman 1R-7 with 
No bandpass or error information was given. 
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Mitsuishi (Ref, 1T~-15) 


Powdered q - A1,0, suspended in a KBr disk and in a polyethylene sheet was 
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No error analys 
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Mitsuishi (Ref. 


Powdered Alpha Alumina on Polyethylene 
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